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1
POLYIMIDE COMPOSITIONS AND
ARTICLES INCORPORATING THE SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This patent application claims the benefit of U.S. Provi-
sional Application No. 63/054,133, filed Jul. 20, 2020, the
disclosure of which is incorporated herein by reference in its
entirety.

STATEMENT OF GOVERNMENT INTEREST

This invention was made with Government support under
(SAA1-21157; SAA1-21157, Annex 17; and SAA1-21157,
Annex 17, MOD 1) awarded by NASA. The government has
certain rights in this invention.

The invention described herein may be manufactured and
used by or for the U.S. Government for U.S. Government
purposes without the payment of royalties thereon or there-
for.

TECHNICAL FIELD

The present disclosure relates to the field of polyimide
compositions, composites thereof, and articles of manufac-
ture incorporating the same, more particularly, to compo-
nents, such as compliant components for automated fiber
placement machines.

BACKGROUND

Fabricating relatively large, highly contoured structures
from composite materials for aerospace primary structures is
challenging and thus is largely limited to hand layup tech-
niques that are not only labor intensive but may not be well
suited for high production volume applications. Automated
fiber placement (AFP) machines may be used to fabricate
large acreage composite structures. However, AFP machines
may not be efficient for producing highly contoured struc-
tures with tight radii. For example, some conventional
rollers of AFP machines are often fabricated from metal
(e.g., stainless steel). The metal rollers lack the conform-
ability or flexibility necessary to fabricate complex con-
toured surfaces. In view of the foregoing, some conventional
rollers of AFP machines utilize a soft polymer (e.g., poly-
urethane). While these soft polymer rollers exhibit the
conformability needed for complex contoured surfaces, they
lack the thermal conductivity to efficiently dissipate heat,
particularly during high temperature layups, thereby result-
ing in roller wraps. Poor heat dissipation may also lead to
roller degradation, thereby introducing foreign object debris
(FOD) to the part.

What is needed, then, are compositions for compliant
rollers of AFP machines having improved properties and
methods for the same.

BRIEF SUMMARY

This summary is intended merely to introduce a simplified
summary of some aspects of one or more implementations
of'the present disclosure. Further areas of applicability of the
present disclosure will become apparent from the detailed
description provided hereinafter. This summary is not an
extensive overview, nor is it intended to identify key or
critical elements of the present teachings, nor to delineate
the scope of the disclosure. Rather, its purpose is merely to
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2

present one or more concepts in simplified form as a prelude
to the detailed description below.

The foregoing and/or other aspects and utilities embodied
in the present disclosure may be achieved by providing a
composition including a polyimide and one or more ther-
mally conductive fillers. The polyimide may be a polymeric
reaction product of a dianhydride and one or more diamines.
The one or more diamines may include a fluorine-containing
alkyl ether diamine. The one or more thermally conductive
fillers may include one or more of a carbon-based filler,
boron nitride, a metal, or combinations thereof. The com-
position may include a thermal conductivity of from about
0.2 to about 50 Watts per meter Kelvin (Wm™ K™).

In some examples, the fluorine-containing alkyl ether
diamine may be represented by one or more of structures (1),
(2), (3), (4), (5), (6), (7), (8), or combinations thereof.

In some examples, the fluorine-containing alkyl ether
diamine may be represented by one or more of structures (1),
(2), or combinations thereof.

In some examples, the fluorine-containing alkyl ether
diamine may be represented by structure (3).

In some examples, the fluorine-containing alkyl ether
diamine may be represented by one or more of structures (4),
(5), or combinations thereof.

In some examples, the fluorine-containing alkyl ether
diamine may be represented by one or more of structures (6),
(7), or combinations thereof.

In some examples, the fluorine-containing alkyl ether
diamine may be represented by structure (8).

In some examples, the one or more diamines may be
present in an amount of from greater than 0 weight % to
about 8 weight %, by total weight of the diamines utilized
in the synthesis of the polyimide.

In some examples, the thermally conductive fillers com-
prise the carbon-based filler.

In some examples, the carbon-based filler may include
one or more of expanded graphite, carbon fibers, carbon
nanotubes, carbon black, graphite, graphene, carbon nano-
fibers, derivatives thereof, or combinations thereof.

In some examples, the carbon-based fillers may include
carbon fiber. The carbon fiber may include one or more of
carbon nanofibers, metallized carbon nanofibers, vapor
grown carbon nanofibers, or combinations thereof.

In some examples, the carbon fibers may include metal-
lized carbon nanofibers. The metallized carbon nanofibers
may include carbon nanofibers coated or covalently bound
with one or more of silver, copper, nickel, or combinations
thereof.

In some examples, the thermally conductive fillers may
include a carbon-based filler. The carbon-based filler may be
functionalized with one or more of a conductive metal, an
aliphatic group, or combinations thereof.

In some examples, the thermally conductive filler may
include the carbon-based filler. The carbon-based filler may
include carbon nanotubes. The carbon nanotubes may
include one or more of multi-walled carbon nanotubes,
single-walled carbon nanotubes, or combinations thereof.

In some examples, the thermally conductive filler may
include a metal. The metal may be in the form of particles,
strands, or combinations thereof. The metal may include one
or more of aluminum, nickel, or combinations thereof.

The foregoing and/or other aspects and utilities embodied
in the present disclosure may be achieved by providing a
roller including a composition having a polyimide and one
or more thermally conductive fillers. The polyimide may be
a polymeric reaction product of a dianhydride and one or
more diamines. The one or more diamines may include a
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fluorine-containing alkyl ether diamine. The one or more
thermally conductive fillers may include one or more of a
carbon-based filler, boron nitride, a metal, or combinations
thereof. The composition may include a thermal conductiv-
ity of from about 0.2 to about 50 Watts per meter Kelvin
(Wm™' K1),

In some examples, the roller may include a water contact
angle of greater than 95°.

The foregoing and/or other aspects and utilities embodied
in the present disclosure may be achieved by providing a
compaction roller for an automated fiber placement
machine. The compaction roller may include a body having
an outer layer. The outer layer of the body may include a
composition having a polyimide and one or more thermally
conductive fillers. The polyimide may be a polymeric reac-
tion product of a dianhydride and one or more diamines. The
one or more diamines may include a fluorine-containing
alkyl ether diamine. The one or more thermally conductive
fillers may include one or more of a carbon-based filler,
boron nitride, a metal, or combinations thereof. The com-
position may include a thermal conductivity of from about
0.2 to about 50 Watts per meter Kelvin (Wm™ K1),

The foregoing and/or other aspects and utilities embodied
in the present disclosure may be achieved by providing a
compaction roller for an automated fiber placement
machine. The compaction roller may include a body. The
entire body of the compaction roller may be fabricated from
a composition having a polyimide and one or more ther-
mally conductive fillers. The polyimide may be a polymeric
reaction product of a dianhydride and one or more diamines.
The one or more diamines may include a fluorine-containing
alkyl ether diamine. The one or more thermally conductive
fillers may include one or more of a carbon-based filler,
boron nitride, a metal, or combinations thereof. The com-
position may include a thermal conductivity of from about
0.2 to about 50 Watts per meter Kelvin (Wm™ K1),

Further areas of applicability of the present disclosure will
become apparent from the detailed description provided
hereinafter. It should be understood that the detailed descrip-
tion and specific examples, while indicating some typical
aspects of the disclosure, are intended for purposes of
illustration only and are not intended to limit the scope of the
disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate the
present teachings and, together with the description, serve to
explain the principles of the disclosure. In the figures:

FIG. 1 illustrates a portion of an exemplary automated
fiber placement machine, according to one or more embodi-
ments disclosed.

DETAILED DESCRIPTION

The following description of various typical aspect(s) is
merely exemplary in nature and is in no way intended to
limit the disclosure, its application, or uses.

As used throughout this disclosure, ranges are used as
shorthand for describing each and every value that is within
the range. It should be appreciated and understood that the
description in a range format is merely for convenience and
brevity, and should not be construed as an inflexible limi-
tation on the scope of any embodiments or implementations
disclosed herein. Accordingly, the disclosed range should be
construed to have specifically disclosed all the possible
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4

subranges as well as individual numerical values within that
range. As such, any value within the range may be selected
as the terminus of the range. For example, description of a
range such as from 1 to 5 should be considered to have
specifically disclosed subranges such as from 1.5 to 3, from
1t0 4.5, from 2 to 5, from 3.1 to 5, etc., as well as individual
numbers within that range, for example, 1, 2,3, 3.2,4, 5, etc.
This applies regardless of the breadth of the range.

Unless otherwise specified, all percentages and amounts
expressed herein and elsewhere in the specification should
be understood to refer to percentages by weight.

Additionally, all numerical values are “about” or
“approximately” the indicated value, and take into account
experimental error and variations that would be expected by
a person having ordinary skill in the art. It should be
appreciated that all numerical values and ranges disclosed
herein are approximate values and ranges, whether “about”
is used in conjunction therewith. It should also be appreci-
ated that the term “about,” as used herein and in conjunction
with a numeral, refers to a value that may be +0.01%
(inclusive), £0.1% (inclusive), £0.5% (inclusive), £1% (in-
clusive), 2% (inclusive), £3% (inclusive), £5% (inclusive),
+10% (inclusive), or +15% (inclusive) of that numeral. It
should further be appreciated that when a numerical range is
disclosed herein, any numerical value falling within the
range is also specifically disclosed.

As used herein, “free” or “substantially free” of a material
may refer to a composition, component, or phase where the
material is present in an amount of less than 10.0 weight %,
less than 5.0 weight %, less than 3.0 weight %, less than 1.0
weight %, less than 0.1 weight %, less than 0.05 weight %,
less than 0.01 weight %, less than 0.005 weight %, or less
than 0.0001 weight % based on a total weight of the
composition, component, or phase.

All references cited herein are hereby incorporated by
reference in their entireties. In the event of a conflict in a
definition in the present disclosure and that of a cited
reference, the present disclosure controls.

Compositions, composites, coatings, layers, and/or
articles of manufacture disclosed herein (hereinafter referred
to as “materials”) may comprise polyimides formed from a
polymeric reaction product of one or more dianhydrides and
one or more diamines. The polyimides may be formed from
the reaction of the one or more dianhydrides and the one or
more diamines under any suitable condition, such as under
condensation polymerization conditions.

In an exemplary embodiment, the materials may include
the polyimides formed from the polymeric reaction product
of the one or more dianhydrides and the one or more
diamines, one or more additional polyimides, one or more
additional polymers, one or more thermally conductive
fillers, or combinations thereof.

As used herein, the expression “Shore A hardness” may
refer to a measure of a hardness of a polymeric material,
such as an elastomer, where a relatively higher number
indicates a relatively greater resistance to indentation and
thus a harder material, and where a relatively lower number
indicates a relatively lower resistance to indentation and thus
a softer material. The Shore A hardness may be measured
with a durometer gauge or tester. It should be appreciated
that the Shore A hardness of the materials disclosed herein
may relate to a conformability of the materials disclosed
herein.

The materials utilizing the compositions disclosed herein
may have a Shore A hardness of from about 20 to about 80.
For example, the materials disclosed herein may have a
Shore A hardness of from about 20, about 30, or about 40 to
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about 50, about 70, or about 80. In at least one embodiment,
the materials disclosed herein may exhibit or have a Shore
A hardness of from about 20 to about 80 at temperatures of
from about 200° C. to about 500° C. For example, the
materials disclosed herein may exhibit or have a Shore A
hardness of from about 20 to about 80 at temperatures of
from about 200° C., about 250° C., or about 300° C. to about
350° C., about 400° C., or about 500° C.

As used herein, the expression “water contact angle” may
refer to the angle that deionized water contacts a surface of
the materials disclosed herein. The water contact angle may
be measured with any suitable goniometer. The materials
disclosed herein may exhibit or have a water contact angle
of greater than about 85°, greater than about 90°, greater
than about 95°, or greater than about 100°. It should be
appreciated that the water contact angle may relate to the
anti-stick, non-stick, or otherwise the adhesion properties of
the materials disclosed herein. The water contact angle may
also relate to surface energy of the material.

In at least one embodiment, the materials disclosed herein
may exhibit relatively low surface energies of from about 25
mN/m or less, for example, from about 0.1 to about 25
mN/m, about 0.1 to about 20 mN/m, from about 0.5 mN/m
to about 15 mN/m, or about 0.5 mN/m to about 5 mN/m.

As used herein, the expression “thermal conductivity”
may refer to an ability of a material to conduct heat. The
materials disclosed herein may have a thermal conductivity
of from about 0.2 to about 50 Watts per meter Kelvin (Wm™*
K™). For example, the materials may have a thermal con-
ductivity of from about 0.2 Wm~' K~*, about 1 Wm™' K™,
about S Wm™' K™, or about 10 Wm™" K™* to about 20 Wm™*

! about 30 Wm™" K™, about 40 Wm™" K~!, or about 50
Wm™! K.

The materials disclosed herein may have a tensile strength
of from about 500 psi to about 4,000 psi. For example, the
materials disclosed herein may have a tensile strength of
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from about 500 psi, about 1000 psi, about 1500 psi, or about

2000 psi to about 2500 psi, about 3000 psi, or about 4000
psi.

As set forth above, in an exemplary embodiment, the
polyimides of the materials described herein may be formed
from a polymeric reaction product of the one or more
dianhydrides and the one or more diamines, one or more
additional polyimides, one or more additional polymers, one
or more conductive fillers, or combinations thereof. The one
or more diamines for forming the polyimides may be or
include a fluorine-containing alkyl ether or derivative
thereof. The fluorine-containing alkyl ether or derivative
thereof may be included as a surface moditying agent. The
fluorine-containing alkyl ether or derivatives thereof may
include a divalent radical of a polymer or oligomer derived
from a fluorine-containing oxetane, or oxetanes containing a
perfluorinated carbon on a substituent on the beta carbon of
the oxetane. In one embodiment, at least one of the diamines
may include one or more of structures (1), (2), (3), (4), (5),
(6), (7), (8), or combinations thereof:

L
CH,OCH,CF;

| c—oj—c—
| L) m

CH;

e Nl

CHZOCHZCF3 0

+Hjo_c iy

wherein x+y is about 6;

@

0 CHZOCHZCFg CHOCH,CF; O
SO W I i + P L U I
L i, i, i, > |’ L
CH3 CH;
wherein x+y is about 20;
®
CH>OCH,CH,(CF»);CF3 CH,0CH,CH,(CF,);CF;
0 ‘ CH; 0
LN / \ | o—<c c—o)—c#—c—éo— ca—o | O—NH
_ H | H o H H H, -
CH; CHj H;
wherein x+y is about 4 to about 5;
@
CH,OCH>CF,CF; CHZOCHZCFZCFg
O O
T/ A + i)
o, H, H, H,
— CH3 —

wherein x+y is about 6;
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CH,OCH,CF,CF;

wherein x+y is about 20;

CH,OCH,CF,CF;

wherein x+y is about 6, and wherein z is about 33;

CH,OCH,CF,CF;

H

M/\M#

wherein x+y is about 6, and wherein z is about 20;

CH,OCH,CF,CF;

I

20

5)
CH,OCH,CF,CF;

O
ca—o ” O—NHZ,
R/, —
Hs

(6)
CH,OCH,CF,CF;

c—o)—(c—c—o)—( -—C—O>J‘—©—NHZ,
H

@)
CH,OCH,CF,CF;

c—o)—(c—c—o)—< #C—O)—“—@—NHZ,
H

(8)
CH,OCH,CF,CF;

O Lottt oo fiot O

wherein x+y is about 6, a+b is about 22, and ¢ is about 16.

The fluorine-containing portions or segments of the fluo-
rine-containing alkyl ether or derivative thereof may be
available to migrate to an exterior surface (e.g., air surface)
of the materials disclosed herein. For example, the fluorine-
containing portions or segments of the fluorine-containing
alkyl ether or derivative thereof may be available to migrate
to respective exterior surfaces of the materials during the
fabrication or synthesis thereof. The migration of the fluo-
rine-containing portions to the surfaces of the materials may
contribute to or facilitate the formation of surfaces with low
energy or anti-stick surfaces. The migration of the fluorine-
containing portions to the respective surfaces may also allow
the materials to exhibit a combination of bulk and surface
properties. For example, the migration of the fluorine-
containing portions to the respective surfaces of the mate-
rials may result in materials that are anisotropic (e.g.,
chemically anisotropic) relative to a direction along a thick-
ness thereof. As such, it should be appreciated that the
migration of the fluorine-containing portions to the respec-
tive surfaces may provide selectively fluorinated surfaces
that provide relatively low or minimal adhesion (e.g., high
water contact surface) while maintaining bulk properties
(e.g., mechanical and thermal properties) throughout the
materials.
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The one or more diamines may also include additional
diamines, such as aliphatic or aromatic diamines, including
diamines containing other hetero atoms. Illustrative addi-
tional diamines of the one or more diamines may be or
include, but are not limited to, aliphatic diamines such as
trimethylenediamine, tetramethylenediamine, pentamethyl-
enediamine, hexamethylenediamine, 2,2,4-trimethylhexam-
ethylenediamine,  2.4.4-trimethylhexamethylenediamine,
octamethylenediamine and nonamethylenediamine; and an
alicyclic diamine such as bis(4-aminocyclohexyl)methane
and bis(4-amino-3-methylcyclohexyl)methane; aromatic
diamines, for example, phenylenediamine, diaminotoluene,
2,4-diaminomesitylene, 3,5-diethyl-2,6-diaminotoluene,
xylylenediamine (in particular, meta-xylylenediamine, para-
xylylenediamine), bis(2-aminoethyl)benzene, biphenylene-
diamine, a diamine having a biphenyl backbone (e.g., 4,4'-
diamino-3,3'-ethylbiphenyl), a diamine having a diphenyl
alkane backbone [e.g., diaminodiphenylmethane, bis(4-
amino-3-ethylphenyl)methane, bis(4-amino-3-methylphe-
nyl)methane, 3,3'-dichloro-4,4'-diaminodiphenylmethane,
2,2'-bis(4-aminophenyl)propane],  bis(4-aminophenyl)ke-
tone, bis(4-aminophenyl)sulfone, or 1,4-naphthalenedi-
amine, and an N-substituted aromatic diamine thereof; ali-
cyclic diamine such as 1,3-cyclopentanediamine, 1,4-
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cyclohexanediamine, and bis(4-amino-3-methylcyclohexyl)
methane; an aliphatic amine, such as trimethylenediamine,
tetramethylenediamine, pentamethylenediamine, hexameth-
ylenediamine, 2,2,4-trimethylhexamethylenediamine, 2,4,4-
trimethylhexamethylenediamine, and octamethylenedi-
amine, and an N-substituted aliphatic diamine thereof; and
ether diamines such as poly(alkylene ether)diamines includ-
ing poly(ethylene ether)diamine, poly(propylene ether)di-
amine, poly(tetramethylene ether)diamine; random or block
copolymers of ethylene oxide and propylene oxide including
propylene oxide and poly(propylene oxide) terminated poly
(ethylene ether)diamine, 4,4'-oxydianiline; and aminated
random or block copolymers of tetrahydrofuran with minor
amounts of a second monomer such as ethylene oxide,
propylene oxide, methyl tetrahydrofuran, bis[4-(3-amino-
phenoxy)phenyl|methane, bis[4-(4-aminophenoxy)phenyl]
methane, 1,1-bis[4-(3-aminophenoxy)phenyl]ethane, 1,1-
bis[4-(4-aminophenoxy)phenyl]ethane, 1,2-bis[4-(3-
aminophenoxy)phenyl|ethane, 1,2-bis[4-(4-aminophenoxy)
phenyl]ethane, 2,2-bis[4-(3-aminophenoxy)phenyl|propane,
2,2-bis[4-(4-aminophenoxy)phenyl]propane, 2,2-bis[4-(3-
aminophenoxy )phenyl|butane, 2,2-bis[4-(4-aminophenoxy)
phenyl]butane, 2,2-bis[4-(3-aminophenoxy)phenyl]-1,1,1,3,
3,3-hexafluoropropane, 2,2-bis[4-(4-aminophenoxy)
phenyl]-1,1,1,3,3,3-hexafluoropropane, 4.4'-bis(3-
aminophenoxy )biphenyl, 4.4'-bis(4-aminophenoxy)
biphenyl, bis[4-(3-aminophenoxy)phenyl] ketone, bis[4-(4-
aminophenoxy)phenyl] ketone, bis[4-(3-aminophenoxy)
phenyl] sulfide, bis[4-(4-aminophenoxy)phenyl]sulfide, bis
[4-(3-aminophenoxy)phenyl] sulfone, bis[4-(4-
aminophenoxy)phenyl| sulfone, or combinations thereof.

The one or more diamines may include one or more of the
fluorine-containing ether or derivatives thereof represented
by one or more of structures (1)-(8) or combinations thereof,
the one or more additional diamines, or combinations
thereof. In at least one embodiment, the fluorine-containing
alkyl ether may be present in an amount of from greater than
0 weight % to less than or equal to 20 weight %, by total
weight of the diamines utilized in the synthesis of the
polyimide. For example, the fluorine-containing alkyl ether
may be present in an amount of from about 0.1 weight %,
about 0.5 weight %, or about 1 weight % to about 3 weight
%, about 5 weight %, about 10 weight %, or about 20 weight
%, by total weight of the diamines utilized in the synthesis
of the polyimide.

The fluorine-containing ether or derivative thereof may at
least partially determine a water contact angle of the mate-
rials including the composition or the composites disclosed
herein. For example, the amount of the fluorine-containing
ether or derivative thereof present may at least partially
determine the water contact angle of the materials including
the compositions or the composites. As such, it should be
appreciated that the amount of the fluorine-containing ether
utilized in the synthesis of the polyimide may be at least
partially determined by a desired water contact angle for the
materials. In at least one embodiment, the fluorine-contain-
ing alkyl ether or derivative may be present in an amount of
from about greater than 0 weight % to about 20 weight %,
by total weight of the diamines utilized in the synthesis of
the polyimide. For example, the fluorine-containing alkyl
ether may be present in an amount of from greater than 0
weight %, greater than 1 weight %, or greater than 2 weight
% to less than or equal to 20 weight %, less than or equal to
10 weight %, or less than or equal to 5 weight %, by total
weight of the diamines utilized in the synthesis of the
polyimide. In at least one embodiment, the amount of the
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fluorine-containing alkyl ether may be sufficient to provide
the materials with a water contact angle of at least 85°, at
least 90°, or at least 95°.

The one or more dianhydrides utilized in the synthesis of
the polyimide may be or include, but are not limited to,
aliphatic dianhydrides, aromatic dianhydrides, or combina-
tions thereof. Illustrative dianhydrides may be or include,
but are not limited to, pyromellitic dianhydride (PMDA);
3,3',4,4'-biphenyl tetracarboxylic dianhydride (RPDA); 3.3,
4.4'-benzophenone tetracarboxylic dianhydride (BTDA);
4.4'-oxydiphthalic anhydride (ODPA); 3,3',4,4'-diphe-
nylsulfone tetracarboxylic dianhydride (DSDA); 4,4'-(4,4'-
isopropylidenediphenoxy)bis(phthalic anhydride)
(BPADA); 2,3,6,7-naphthalene tetracarboxylic dianhydride;
1,2,5,6-naphthalene tetracarboxylic dianhydride; 1,4,5,8-
naphthalene tetracarboxylic dianhydride; 2,6-dichloronaph-
thalene-1,4,5,8-tetracarboxylic ~ dianhydride; 2,7-dichlo-
ronaphthalene-1,4,5,8-tetracarboxylic dianhydride; 2,3,3',4'-
biphenyl tetracarboxylic dianhydride; 2,2'.3,3'-biphenyl
tetracarboxylic dianhydride; 2,3,3',4'-benzophenone tetrac-
arboxylic dianhydride; 2,2',3,3'-benzophenone tetracarbox-
ylic dianhydride; 2,2-bis(3,4-dicarboxyphenyl)propane
dianhydride; 1,1-bis(2,3-dicarboxyphenyl)ethane dianhy-
dride; 1,1-bis(3,4-dicarboxyphenyl)ethane dianhydride; bis
(2,3-dicarboxyphenyl)methane dianhydride; bis(3,4-dicar-
boxyphenyl)methane dianhydride; 4.4'-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA);
bis(3,4-dicarboxyphenyl)sulfoxide dianhydride; tetrahydro-
furan-2,3,4,5-tetracarboxylic dianhydride; pyrazine-2,3,5,6-
tetracarboxylic dianhydride; thiophene-2,3,4,5-tetracarbox-
ylic dianhydride; phenanthrene-1,8,9,10-tetracarboxylic
dianhydride; perylene-3,4,9,10-tetracarboxylic dianhydride;
bis-1,3-isobenzofurandione; bis(3,4-dicarboxyphenyl)thio-
ether dianhydride; bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracar-
boxylicdianhydride; 2-(3',4'-dicarboxyphenyl)5,6-dicar-
boxybenzimidazole dianhydride; 2-(3',4'-dicarboxyphenyl)
5,6-dicarboxybenzoxazole dianhydride; 2-(3'4'-
dicarboxyphenyl)5,6-dicarboxybenzothiazole dianhydride;
bis(3,4-dicarboxyphenyl)2,5-oxadiazole 1,3,4-dianhydride;
2,5-(3',4'-dicarboxydiphenylether) 1,3,4-oxadiazole dianhy-
dride; butane-1,2,3 4-tetracarboxylic dianhydride; pentane-
1,2.,4,5-tetracarboxylic dianhydride; cyclobutane tetracar-
boxylic dianhydride; cyclopentane-1,2,3,4-tetracarboxylic
dianhydride; cyclohexane-1,2,4,5 tetracarboxylic dianhy-
dride; cyclohexane-2,3,5,6-tetracarboxylic  dianhydride;
3-ethyl cyclohexane-3-(1,2)5,6-tetracarboxylic dianhydride;
1-methyl-3-ethyl  cyclohexane-3-(1,2)5,6-tetracarboxylic
dianhydride; 1-ethyl cyclohexane-1-(1,2),3,4-tetracarbox-
ylic dianhydride; 1-propylcyclohexane-1-(2,3),3,4-tetracar-
boxylic dianhydride; 1,3-dipropylcyclohexane-1-(2,3),3-(2,
3)-tetracarboxylic ~ dianhydride;  dicyclohexyl-3,4,3'4'-
tetracarboxylic dianhydride; 4,4'-bisphenol A dianhydride;
1,2,3,4-cyclobutanetetracarboxylic acid dianhydride; bicy-
clo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylicdianhydride;
hydroquinonediphthalic anhydride; ethyleneglycol bis(trim-
ellitic anhydride); 9,9-bis-(trifluoromethyl)xanthenetetrac-
arboxylic dianhydride (6FCDA); 9-phenyl-9-(trifluorom-
ethyl)xanthenetetracarboxylic dianhydride (3FCDA); 9,9-
diphenyl-2,3,6,7-xanthenetetracarboxylic dianhydride
(PPXDA); 9,9-diphenyl-2,3,6,7-tetramethylxanthine
(TMPPX); 9,9-diphenyl-2,3,6,7-xanthenetetracarboxylic bis
(p-anisidylimide);  9,9-diphenyl-2,3,6,7-xanthenetetracar-
boxylic bis(butylamide); 9,9-diphenyl-2,3,6,7-xanthenetet-
racarboxylic bis(p-tolylamide); 9-methyl-9-phenyl-2,3,6,7-
xanthenetetracarboxylic dianhydride (MPXDA); 9-methyl-
9-phenyl-2,3,6,7-xanthenetetracarboxylic bis(propylamide);
9-phenyl-9-methyl-2,3,6,7-xanthenetetracarboxylic  bis(p-
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tolylamide); 9,9-dimethyl-2,3,6,7-xanthenetetracarboxylic
dianhydride (MMXDA); 9,9-dimethyl-2,3,6,7-xanthenetet-
racarboxylic bis(propylamide); 9,9-dimethyl-2,3,6,7-xan-
thenetetracarboxylic bis(tolylamide); 9-ethyl-9-methyl-2,3,
6,7-xanthenetetracarboxlylic dianhydride (EMXDA); 9,9-
diethyl-2,3,6,7-xanthenetetracarboxylic dianhydride
(EEXDA), or combinations thereof. The one or more dian-
hydrides may be in the respective tetra-acid form or as
mono-, di-, tri-, or tetra-esters thereof, or as their diester acid
halides.

The polymeric reaction between the one or more dianhy-
drides and the one or more diamines may be conducted in
the presence of one or more organic solvents. Illustrative
organic solvents may be or include, but are not limited to,
N,N-dimethylformamide, N,N-dimethylacetamide, N,N-di-
ethylacetamide, N,N-dimethylmethoxyacetamide,
N-methyl-2-pyrrolidone, 1,3-dimethyl-2-imidazolidinone,
N-methylcaprolactam, 1,2-dimethoxyethane, bis(2-
methoxyethyl) ether, 1,2-bis(2-methoxyethoxy)ethane, bis
[2-(2-methoxyethoxy)ethyl] ether, tetrahydrofuran, 1,3-di-
oxane, 1,4-dioxane, pyridine, picoline, dimethylsulfoxide,
dimethylsulfone, tetramethylurea hexamethylphosphor-
amide, or combinations thereof. The initial polymeric reac-
tion [i.e., formation of poly(amide acid)] may be carried out
at a temperature of from about 15° C. to about 75° C., or
from about 15° C. to about 50° C. The polymeric reaction
may be conducted at any suitable pressure (e.g., ambient
pressure). The polymeric reaction may be conducted under
a dry inert atmosphere, such as nitrogen, helium, argon, or
combinations thereof. It should be appreciated that reaction
times of the polymeric reaction may vary, and may be at
least partially dependent on one or more of the reactants,
solvents, temperature of reaction, or combinations thereof.
In at least one embodiment, the polymeric reaction may
include imidization, such as thermal imidization, via heat-
ing. For example, imidization may include heating at a
temperature of from about 120° C., about 150° C., or about
200° C. to about 300° C., about 350° C., or about 400° C.

In at least one embodiment, the polymeric reaction prod-
uct may be or include a block co-polymer. In another
embodiment, the polymeric reaction product may be or
include a random co-polymer. In another embodiment, the
polymeric reaction product may be or include a structure
incorporating portions of both a random co-polymer and a
block copolymer.

As disclosed above, the materials disclosed herein may
include the polyimides formed from a polymeric reaction
product of the one or more dianhydrides and the one or more
diamines, one or more additional polyimides, one or more
additional polymers, one or more thermally conductive
fillers, or combinations thereof. The one or more thermally
conductive fillers may be capable of or configured to modify
one or more properties of the materials incorporating the
same. For example, the one or more thermally conductive
fillers may be capable of or configured to modify a thermal
conductivity of the materials. As such, the thermally con-
ductive fillers may be capable of or configured to increase or
improve the dissipation of heat in the materials. Other
properties of the materials that may be modified by the
thermally conductive fillers may be or include, but are not
limited to, one or more of mass, density, volume, tensile
strength, flexibility, elasticity, coefficient of thermal expan-
sion, wear resistance, hydrophobicity, surface friction, or
combinations thereof. The thermally conductive fillers may
have a major dimension of greater than 10 nm, greater than
50 nm, or greater than 100 nm and less than about 5 pum, less
than about 500 nm, less than about 200 nm, or less than
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about 100 nm. [llustrative thermally conductive fillers may
be or include, but are not limited to, one or more of a
carbon-based filler, inorganic compounds (e.g., boron
nitride), a metal, or combinations thereof.

The carbon-based fillers may be or include, but are not
limited to, one or more carbon based particles (e.g., nan-
oparticles), such as expanded graphite, carbon fibers, carbon
nanotubes, carbon black, graphite, graphene, carbon nano-
fibers, derivatives thereof, or combinations thereof.

In at least one embodiment, any one or more of the
carbon-based fillers may be functionalized and/or surface
treated. For example, the carbon-based fillers may be func-
tionalized with one or more conductive metals, conductive
metal oxides, and/or combinations thereof. Illustrative ali-
phatic groups may be or include, but are not limited to,
methyl, ethyl, propyl isomers, butyl isomers, pentyl isomers,
including cyclopentane, hexane isomers, including cyclo-
hexane, or other aliphatic derivatives including up to about
12 carbon atoms. [llustrative conductive metals and conduc-
tive metal oxides, may be or include, but are not limited to,
silver, gold, copper, nickel, palladium, platinum, ruthenium,
rhodium, aluminum oxide, nickel oxide, copper oxides,
titanium oxides, zinc oxides, other conductive metals or
conductive metal oxides, or the like, and/or combinations
thereof. Functionalization of the carbon-based fillers may at
least partially facilitate the dispersion of the carbon-based
fillers within the materials disclosed herein.

The carbon fiber may include one or more of carbon
nanofibers (CNFs), metallized CNFs, vapor grown CNFs,
and/or combinations thereof. The metallized carbon nano-
fibers may include CNFs coated and/or covalently bound
with one or more metals and/or metal oxides. Illustrative
metals and/or metal oxides coated on the CNFs, may be or
include, but are not limited to, silver, gold, copper, nickel,
palladium, platinum, ruthenium, rhodium, aluminum oxide,
nickel oxide, copper oxides, titanium oxides, zinc oxides,
other conductive metals or metal oxides, or the like, or
combinations thereof. In an exemplary embodiment, the
carbon fiber may include silver metallized or coated CNFs,
copper metallized or coated CNFs, nickel metallized or
coated CNFs, and/or combinations thereof.

The carbon nanotubes may include carbon-based mol-
ecules having a generally elongated, hollow, tubular struc-
ture. The hollow, tubular structure of the carbon nanotubes
may be formed from two-dimensional sheets of hexagonally
arrayed carbon atoms having a thickness of a single carbon
atom, referred to as graphene. The two-dimensional sheets
of graphene may be rolled along various angles to provide
the tubular structures of the carbon nanotubes. The two-
dimensional sheets of graphene may also form carbon
nanotubes with tubular structures having varying diameters.
The angles in which the two-dimensional sheets of graphene
are rolled and/or the diameter of the resulting tubular
structure may determine one or more properties of the
carbon nanotubes. For example, the angle in which the
two-dimensional sheets of graphene are rolled may deter-
mine a chirality or type of the carbon nanotubes that are
formed, which may determine, at least in part, whether the
carbon nanotubes exhibit metallic or semiconductive prop-
erties.

In at least one embodiment, the hollow, tubular structure
of the carbon nanotubes may include straight or bent side-
walls and the ends of the tubular structure may be open
and/or closed. The carbon nanotubes may be single-walled
nanotubes, double-walled nanotubes, and/or multi-walled
nanotubes. The carbon nanotubes may be purified carbon
nanotubes and/or crude carbon nanotubes (e.g., as synthe-
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sized). The carbon nanotubes may be bare or pristine carbon
nanotubes and/or functionalized carbon nanotubes. Pristine
carbon nanotubes may include carbon nanotubes that have
not undergone any surface modifications and/or treatments
subsequent to synthesis and/or purification thereof. Func-
tionalized carbon nanotubes may include carbon nanotubes
that may have undergone a surface modification and/or
treatment such that one or more functional chemical moiety
or moieties are associated therewith. For example, function-
alized carbon nanotubes may include carbon nanotubes that
have undergone a surface modification treatment such that
one or more functional chemical moiety or moieties are
associated with the sidewalls (i.e., inner and/or outer side-
walls) and/or the ends of the hollow, tubular structure. In at
least one embodiment, the carbon nanotubes may be func-
tionalized with the chemical moiety or moieties to modify
one or more properties (e.g., mechanical, thermal, electrical,
solubility, etc.) thereof.

In at least one embodiment, the thermally conductive
fillers may be aligned or substantially aligned with one
another within the materials disclosed herein. For example,
the carbon nanotubes (or another fiber) may be aligned or
substantially aligned with one another within the materials
disclosed herein. The carbon nanotubes may be dispersed in
the materials such that a longitudinal axis of the tubular
structure of the carbon nanotubes (or the fiber) may be
aligned or substantially aligned with one another. The align-
ment or substantial alignment of the carbon nanotubes along
the respective longitudinal axes thereof may provide the
materials with one or more anisotropic properties. For
example, the carbon nanotubes may have increased
mechanical strength along the longitudinal axis of the tubu-
lar structure as compared to the mechanical strength normal
or perpendicular to the longitudinal axis. Accordingly, the
alignment or substantial alignment of the carbon nanotubes
along the respective longitudinal axes thereof may provide
the materials with increased mechanical strength in the
direction in which the longitudinal axis of the carbon
nanotubes are aligned as compared to the direction normal
to the longitudinal axis of the carbon nanotubes. In another
embodiment, the carbon nanotubes may not be aligned or
substantially aligned with one another within the materials.
Instead, the carbon nanotubes may be randomly dispersed
and/or entangled with one another. The random dispersion of
the carbon nanotubes in the matrix material may provide the
materials with increased mechanical strength as compared to
the materials without the carbon nanotubes.

The metals of the thermally conductive filler may be in the
form of powders, particles, strands, or combinations thereof.
Iustrative metals may be or include, but are not limited to,
one or more of aluminum, nickel, copper, silver, gold,
platinum, iron, cobalt, or the like, or combinations thereof.
In an exemplary implementation, the metal of the thermally
conductive filler includes nickel nanostrands, aluminum
powder, aluminum particles, or combinations thereof.

The inorganic compounds may be or include any inor-
ganic compound capable of or configured to increase the
thermal conductivity of the composition, the composites,
and/or the articles of manufacture. Illustrative inorganic
compounds may be or include, but are not limited to, boron
nitride, oxides, such as silica, alumina, titania, yttria, zirco-
nia, molybdenum oxide, iron oxide, or the like, or combi-
nations thereof. The inorganic compounds may be in the
form of particles, powders, tubes (e.g., nanotubes, micro-
tubes, etc.), fibers (e.g., nanofibers, microfibers, etc.), or
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combinations thereof. In an exemplary implementation, the
inorganic compounds may include boron nitride, such as
boron nitride nanotubes.

The one or more thermally conductive fillers may be
present in the materials disclosed herein in an amount of up
to about 30 weight %, by weight of the total solids of the
materials. For example, the thermally conductive fillers may
be present in an amount of from about 0.1 weight %, about
1 weight %, about 5 weight %, or about 10 weight % to
about 15 weight %, about 20 weight %, or about 30 weight
%, by weight of the total solids of the materials.

The materials disclosed herein may be utilized in a variety
of forms, including, but not limited to, fibers, mats (e.g.,
woven mats or nonwoven mats), cloths, fabrics, moldings,
laminates, foams, molded articles, extruded shapes, or the
like. The materials disclosed herein may be utilized in the
variety of forms for various applications, including, but not
limited to, aircraft and aerospace vehicles surfaces, ship
hulls, ship surfaces, barge surfaces, oil rig surfaces, pipes,
valves and pumps (e.g., interior and exterior), electrical
transmission wires and cables, filters, filtration components,
electronic components, controlled fluid flow devices, medi-
cal implants, automobiles, trucks, motorcycles and boat
surfaces, or the like.

In an exemplary embodiment, the materials disclosed
herein may be utilized in one or more components of an
automated fiber placement (AFP) machine. FIG. 1 illustrates
a portion of an exemplary AFP machine 100, according to
one or more embodiments. It should be appreciated by one
having ordinary skill in the art that the AFP machine 100
illustrated in FIG. 1 may include one or more additional
structural elements that are not depicted. As illustrated in
FIG. 1, the AFP machine 100 may include a compaction
roller 102 and a heat source 104. The compaction roller 102
may be capable of or configured to receive a tape or prepreg
106 from a fiber placement head (not shown) and contact the
tape 106 with surfaces 108 of a workpiece or substrate 110.
As illustrated in FIG. 1, the substrate 110 may be a con-
toured substrate. The heat source 104 may be capable of or
configured to heat the prepreg 106 and/or the workpiece 110
to facilitate adhesion therebetween.

In an exemplary operation of the AFP machine 100 with
continued reference to FIG. 1, the prepreg 106 may be
guided to the compaction roller 102 by the fiber placement
head (not shown). The heat source 104 may heat the prepreg
106 and/or the substrate 110, and the compaction roller 102
may adhere or otherwise place the prepreg 106 on the
surface 108 of the substrate 110. The compaction roller 102
may apply a force in a direction generally towards or normal
to the substrate 110 to contact the heated prepreg 106 with
the surface 108 of the substrate 110, thereby adhering the
prepreg 106 to the substrate 110.

In an exemplary embodiment, the materials disclosed
herein may be utilized in the fabrication of the compaction
roller 102 of the AFP machine 100. The materials disclosed
herein may be utilized in one or more portions of the
compaction roller 102. For example, the materials disclosed
herein may be utilized as a coating or an outer layer 112 of
the compaction roller 102. The materials disclosed herein
may also be utilized in the fabrication of substantially all
portions or an entire body 114 of the compaction roller 102.
The compaction roller 102 may be fabricated from the
materials disclosed herein via any suitable process. For
example, the compaction roller 102 may be fabricated from
the materials disclosed herein by casting, molding, extrud-
ing, or the like.
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As discussed above, the articles of manufacture fabricated
from the materials disclosed herein may exhibit a combina-
tion of bulk and surface properties. As further discussed
above, the combination of the bulk and surface properties
may be at least partially attributed to the migration of the
fluorine-containing portions or segments of the fluorine-
containing alkyl ethers to respective exterior surfaces or air
surfaces of the articles, the presence of any one or more of
the thermally conductive fillers, or combinations thereof. In
an exemplary embodiment, the compaction rollers 102 fab-
ricated from the materials disclosed herein may exhibit
comparable or improved thermal stability, chemical resis-
tance, mechanical elongation, tensile strength, or combina-
tions thereof, as compared to bulk polyimides, while pro-
viding relatively low or minimal adhesion (e.g., high water
contact angles) at the exterior surfaces and/or the outer layer
112 thereof. In addition to the foregoing, the compaction
rollers 102 fabricated from the materials disclosed herein
and including the thermally conductive fillers may exhibit
improved thermal conductivity that may facilitate the dissi-
pation or dispersion of heat from the compaction roller 102,
thereby reducing or eliminating roller wraps during opera-
tion of the AFP machine 100. The improved thermal con-
ductivity of the compaction roller 102 may also reduce or
eliminate degradation or wear of the compaction roller 102
at operating temperatures (e.g., 250° C. to 400° C. or from
about 250° C. to about 500° C.) of the AFP machine 100,
thereby reducing instances or occurrences of foreign object
debris (FOD) being deposited onto the substrate 110.

The present disclosure has been described with reference
to exemplary implementations. Although a limited number
of implementations have been shown and described, it will
be appreciated by those skilled in the art that changes may
be made in these implementations without departing from
the principles and spirit of the preceding detailed descrip-
tion. It is intended that the present disclosure be construed
as including all such modifications and alterations insofar as
they come within the scope of the appended claims or the
equivalents thereof.

What is claimed is:

1. A composition, comprising:

a polyimide, wherein the polyimide is a polymeric reac-
tion product of a dianhydride and one or more
diamines, wherein the one or more diamines comprises
a fluorine-containing alkyl ether diamine; and

one or more thermally conductive fillers, wherein the
thermally conductive fillers comprise one or more of a
carbon-based filler, boron nitride, a metal, or combi-
nations thereof,

wherein the composition comprises a thermal conductiv-
ity of from about 0.2 to about 50 Watts per meter
Kelvin (Wm™ K™), and

wherein the fluorine-containing alkyl ether diamine is
represented by one or more of structures (1), (2), (3),
@), (5), (6), (7), (8), or combinations thereof:
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(6)
CH,OCH,CF>CF;
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wherein x+y is about 6, and wherein z is about 33;
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CH;
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it
ONHz,

wherein x+y is about 6, a+b is about 22, and ¢ is about 16.

2. The composition of claim 1, wherein the fluorine-
containing alkyl ether diamine is represented by one or more
of structures (1), (2), or combinations thereof.

3. The composition of claim 1, wherein the fluorine-
containing alkyl ether diamine is represented by structure
3.

4. The composition of claim 1, wherein the fluorine-
containing alkyl ether diamine is represented by one or more
of structures (4), (5), or combinations thereof.
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5. The composition of claim 1, wherein the fluorine-
containing alkyl ether diamine is represented by one or more
of structures (6), (7), or combinations thereof.

6. The composition of claim 1, wherein the fluorine-
containing alkyl ether diamine is represented by structure
(3.

7. The composition of claim 1, wherein the fluorine-
containing alkyl ether diamine is present in an amount of
from greater than 0 weight % to about 8 weight %, by total
weight of the diamines utilized in the synthesis of the
polyimide.

8. The composition of claim 1, wherein the dianhydride
comprises one or more of an aliphatic dianhydride, an
aromatic dianhydride, or combinations thereof.

9. The composition of claim 1, wherein the thermally
conductive fillers comprise the carbon-based filler.

10. The composition of claim 9, wherein the carbon-based
filler comprises one or more of expanded graphite, carbon
fibers, carbon nanotubes, carbon black, graphite, graphene,
derivatives thereof, or combinations thereof.

11. The composition of claim 10, wherein the carbon-
based filler comprises the carbon fibers, wherein the carbon
fibers comprise one or more of carbon nanofibers, metallized
carbon nanofibers, vapor grown carbon nanofibers, or com-
binations thereof.

12. The composition of claim 11, wherein the carbon
fibers comprise the metallized carbon nanofibers, wherein
the metallized carbon nanofibers comprise carbon nanofi-
bers coated or covalently bound with one or more of silver,
copper, nickel, or combinations thereof.

13. The composition of claim 1, wherein the thermally
conductive fillers comprise the carbon-based filler, and
wherein the carbon-based filler is functionalized with one or
more of a conductive metal, an aliphatic group, or combi-
nations thereof.

14. The composition of claim 10, wherein the thermally
conductive fillers comprise the carbon-based filler, wherein
the carbon-based filler comprises carbon nanotubes, wherein
the carbon nanotubes comprise one or more of multi-walled
carbon nanotubes, single-walled carbon nanotubes, or com-
binations thereof.

15. The composition of claim 1, wherein the thermally
conductive fillers comprise the metal, wherein the metal is
in the form of particles, strands, or combinations thereof,
and wherein the metal comprises one or more of aluminum,
nickel, or combinations thereof.

16. A roller comprising the composition of claim 1.

17. The roller of claim 16, wherein the roller comprises a
water contact angle of greater than 95°.

18. A compaction roller for an automated fiber placement
machine, the compaction roller comprising a body having an
outer layer, wherein the outer layer of the body comprises
the composition of claim 1.

19. A compaction roller for an automated fiber placement
machine, the compaction roller comprising a body, wherein
the entire body of the compaction roller is fabricated from
the composition of claim 1.
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